The dispersion of carbon nanotubes (CNTs) within cement-based composite materials plays a key role in determining many essential properties. In this study, a method to quantify the dispersion of CNTs within cement-based composite materials has been developed. The dispersion quantity, D, is measured by the particle size rather than the free-path spacing between particles. The particle sizes are given in terms of the true length/nm rather than pixels. A Gaussian function is used as the probability density function (PDF) fits a Gaussian distribution better than a lognormal distribution depending on the statistical data and the true diameter of CNTs. Higher D values indicate a better dispersion of CNTs in the matrix. The method works well to quantify the dispersion of particles, especially for filaments such as CNTs, and is simple and useful.
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Notation
A agglomeration quantity D dispersion quantity f (x D ) probability density function X D particle size X F free-path spacing x particle size (dark pixels) (nm) ì mean of particle size ó standard deviation of particle size
Introduction
Ever since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 (Iijima, 1991 , more and more research has focused on the applications of CNTs/composites (Li et al., 2005; Yu and Kwon, 2009 ). In the past few years, CNTs have apparently become one of the nano-materials used to enhance the mechanical properties of cement composites while providing such novel properties as electromagnetic shielding and self-sensing to develop new generations of cement-based materials Chong and Garboczi, 2002; Konsta-Gdoutos et al., 2010; Li et al., 2007; Makar and Beaudoin, 2003; Makar et al., 2005; Nochaiya et al., 2008; Sanchez and Sobolev, 2010; Torkittikul and Chaipanich, 2010) . However, the enhancement effect is significantly affected by the dispersion of CNTs in the matrix.
CNTs agglomerate easily owing to their high specific surface energy. Numerous methods have been applied for the purpose of better dispersion, such as physical dispersion methods, chemical dispersion methods, the combination of physical and chemical methods (Han et al., 2011; Raki et al., 2010; Sun et al., 2013) and growing CNTs in situ on the cement/mineral admixture particles (Cwirzen et al., 2009; Hlavacek et al., 2011; Hlavacek and Smilauer, 2012; Mudimela et al., 2009; Nasibulin et al., 2007 Nasibulin et al., , 2009 Nasibulin et al., , 2013 Nasibulina et al., 2010 Nasibulina et al., , 2012 .
However, research on the dispersion of CNTs mostly focuses on qualitative but not quantitative analysis. These qualitative methods include optical microscopy, electron microscopy (both scanning electron microscopy (SEM) and transmission electron microscopy (TEM)) and ultraviolet-visible (UV-Vis) spectroscopy (Moore et al., 2003; Sinani et al., 2005; Tyson et al., 2011; Wang et al., 2006) . Quantitative analysis of dispersion of CNTs in the matrix is essential since it can be used to evaluate the distribution of CNTs more objectively than qualitative analysis. Most studies focus on quantifying the dispersion of regular particles (Bakshi et al., 2009; Clark and Evans, 1954; Eckel et al., 2004; Xie et al., 2010) , whereas few studies have revolved around quantitative analysis of the dispersion of filaments such as CNTs/CNFs. For example, Bakshi et al. (2009) proposed a method to quantify the CNT distribution in the microstructure based on (a) the image analysis and (b) the distance between the centres of the nanotubes. Dispersion parameter (DP) and clustering parameter (CP) are defined to represent the quality of distribution of the CNT reinforcement. Higher DP along with a lower CP indicates a better dispersion. Luo and Koo (2007) used a method of calculating the statistical distribution of the free-path spacing between particles through the integration of the probability density function (PDF). Their work has shown that the free-path spacing typically follows a lognormal distribution. A higher spacing between the integral bounds indicates a better distribution. This method works well when the shapes of particles are regular or when the particles do not touch.
Tyson et al. (2011) proposed a method for quantifying the dispersion and agglomeration of different-shaped particles including CNFs and CNTs. The dispersion quantity, D, is measured by the free-path spacing between particles, whereas the agglomeration quantity, A, is measured by the particle size. A high value of D indicates better dispersion, whereas a lower value of A indicates a reduction in agglomeration. However, in these methods, the freepath spacing or the particle size is expressed in terms of pixels, which cannot reflect the true distribution of particles in the matrix. In addition, different distribution functions need to be tested.
This paper proposes a method for calculating the statistical distribution of the particle size but not particle spacing through the integration of the PDF. Moreover, the particle size is given in terms of the true size/nm rather than pixels, which reflects the true distribution of particle sizes. The Gaussian function is applied in curve-fitting, as it describes PDF better than a lognormal distribution dose, according to the statistical data and the true diameter of CNTs in this study. The proposed method works well in either case: that is, CNTs that are well-dispersed or agglomerated.
Proposed method
The special feature of filaments such as CNTs and CNFs is that they seem to have more uniform width relative to free-path spacing. In this paper, therefore, particle sizes (X D ) rather than the free-path spacing (X F ) between two adjacent particles are used to quantify the dispersion of CNTs/CNFs, D. Particle sizes are given in terms of true length/nm but not pixels. In addition, Gaussian function fitting is applied and compared with lognormal function.
Figures 1(a) and 1(b) show the composite cross-section with CNTs distributed in different forms, where random lines are drawn to measure the particle sizes (X D ), which are given in terms of true length/nm, X D1 , X D2 , . . ., D DN . Then the particle size (X D ) data are recorded using the Image-pro plus 6.0 (produced by Media Cybernetics). The lengths of the black pixels in an image are used to calculate D, where D is a measure of the particle sizes. To show the statistical distribution of particle sizes of CNTs, histograms are created based on the particle sizes and the frequency. Once the histogram is created, the Gaussian and lognormal distribution curves are fitted to the data. A Gaussian function gives a better fit depending on the statistical data and the true diameter of CNTs, which is defined as
2: Figure 1 . (a) Non-uniform particle sizes and (b) uniform particle sizes
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In the above expression, x is the particle size (dark pixels), in nm.
f (x 0 ) ¼ 1 and A ¼ 5 D is the dispersion quantity, measured by the particle size. f (x D ) is the probability density function, where ì and ó are the mean and standard deviation, respectively, of the associated Gaussian distribution given in terms of lengths/nm.
Therefore, a quantifiable percentage is calculated based on the statistical probability that particle size falls within a certain percentage above and below ì.
Higher D values indicate more data closer to the mean and thus a better dispersion of CNTs in the matrix. The no. 1 and no. 2 CNTs solutions are prepared using polyvinyl pyrrolidone (PVP) and sodium dodecyl benzene sulfonate (SDBS) as dispersant at room temperature, respectively. The no. 3 CNTs solution is provided by Shenzhen Nano-Technology Company (Limited) in China. The external diameter of CNTs used in this study ranges from 20 to 40 nm. Concentrations of no. 1 and no. 2 CNTs solutions are 1 . 0% by weight of water. First, the dispersant is added to water and magnetically dispersed for 15 min. The dispersant: CNTs ratio was fixed at 2:1. Then, CNTs were added to the dispersant solution and ultrasonically dispersed for 30 min.
Proof of concept
To describe the distribution of CNTs, the TEM images are converted to relative binary images. Then the Image-pro plus 6 . 0 is used to create the reference calibration according to the scale in the TEM images. The histograms and fitting curves are then created based on the statistical distribution of particle sizes and the frequency of CNTs, which are shown in Figures 5-7 .
Figures 5-7 and Table 1 show that the mean particle size of CNTs, ì, decreases at different rates in nos 1, 2 and 3 solutions after ultrasonic dispersion. The dispersion quantity of CNTs in no. 1 solution, D, is higher than the others, which is in good agreement with the qualitative analysis from images of TEM. As the particle size is given in terms of the true size/nm not pixels, the proposed method can reflect the true distribution of CNTs. The method works well to measure the dispersion of filaments such as CNTs or CNFs.
Conclusions
As filaments such as CNTs can be thought to have a uniform width relative to the free-path spacing, a method of calculating Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution the statistical distribution of the particle size rather than the freepath spacing through the integration of the PDF is proposed. The PDF can be described by a Gaussian distribution better than a lognormal distribution depending on the statistical data and the true diameter of CNTs, so a Gaussian function was used in this study. Moreover, the particle size is given in terms of the true size/nm rather than pixels, which could reflect the true distribution of particle sizes. It can be seen that the proposed method works very well to quantify the dispersion, D, of filaments such as CNTs within an image. Higher D values indicate more data closer to the mean, thus a better dispersion of CNTs in the matrix. The method is proposed to quantify the dispersion of 
